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Bart J. Daly and Martin D. Torrey
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ABSTRACT

The transient, three-dimensional SOLA-FTS code has been used to study
the thermal-hydraulic mixing of HPI and ambient fluids in the cold leg and
downcomer with application to the pressurized thermal-shock problem. Com-
parisons of calculated results with 1/5th-scale experimental data are pre-
sented and shown to he in good agreement, Also shown are results obtained
at full scale for a Combustion Lrgineering plant following an assumed main-

streamline-break accident.



I.  INTRODUCTION

When emergency core coolant fluid is injected into a pressurized water
reactor as a .onsequence of a reactor accident, the reactor vessel wull may
be cooled sufficiently to cause crack propagation in the metal. The like-
1ihood of crack propagation increases with reactor age as a result of neu-
tron flux weakening of the wall material, particularly the weldments. The
analysis of crack growth, given the wall temperature and fluid pressure
nistories, is a fracture mechanics prob\em.' The determination of the tem-
nerature and pressure histories requires a transient solution for the
fluid-thermal mixing throughout the primary, and possibly secondary, sys-
tems using a systems code, such as TRAC ! or RFLAPS®. However, these sys-
tems code calculations are of necessity coarsely noded, so that they cannot
compute the details of tne fluid-thermal mixing in the cold legs and down-
corer of the reactor. Therefore, these systems studies must be supplemen-
ted by finer-zoned, multidimensional calculations that can compute the mix-
ing in the cold legs and downcomer and the resulting fluid temperature in
the immediate vicinity of the vessel weldments,

The SOLA-PTS code® is a transient, three-dimensional, single-phase,
incompressible numerical scheme that was designed to perform these detailed
mixing calculations. The calculations, while efficient, ire nevertheless
leagthy, so they are only performed at isolated times during a transient
when the systems code solution indicates a potential for significant cool-
ing of the vessel wall. Then, using the systems code values of flow rates
and fluid temperatures as houndary conditions at all entrances to the cold

leg and downcomer, a SOLA-PTS calculation is performed., The results of



this calculation provide more realistic values of the fluid temperature at
vessel weldments than can be obtained with the systems code.

Section II provides a brief description of the SOLA-PTS code. Cumpar-
isons of calculated results with experimental data from Creare R&D, Inc."
are presented in 5ec., 1lI. Section IV is concerned with the application of
the method to a specific reactor geometry.

IT. THE NUMERICAL METHOD

The SOLA-PTS cnde has been described previous]y3 and will be documcn-
ted more completely in a forthcoming paper, so only a brief general de-
scription is provided here.

The SOLA-PTS algorithm involves the solution of the continuity equa-
tion and transport eguations for momentum, fluid temperature, turbulence
energy k, turbulence cnergy decay rate ¢, and the square of the fluctuating
temperature field T'7. These transport equations are solved using the
second-order Tensor Viscosity method”, which is supplemented by the Filter-
ing Remedy and Methodology (FRAM)" procedure for reducing dispersion er-
rors. A preconditioned Conjugate Residual iteration scheme’, which permits
rapid convergence, is used to compute the pressure field.

A thermal diffusion equation for the metal is also included in the
model, but it has not been employed in the cxamples presented in this
paper, in which an adiabatic wall treatment has hcen used.

Two different turbulence models are used in SOLA-PTS to represent the
diffusion of momentum and heat. In buoyant Jjet regicas, such as the HPI
inlet and the downcomer, the three equation k-t =T'" model of Chen and Rodi"
1s used, while 1n the cold leg pipe away from the HPI inlev the Launder-

Spalding k=1 mode1” is uscd. The use of the Chen and Rodi model produces



iuch more mixing of warm ambient fluid with the cold HPI fluid than is ob-
tained with the Launder-Spalding model. As will be shown in the examples
presented below, this increased mixing results in excellent agreemnt be-
tween the calculated temperatures and experimental thermocouple data.

The cold leg, downcomer, lower plenum, and core are treated as a
single flow region in SOLA-PTS, with the cold leg modeled as a square duct
in this rectangular coordinate system, A variable computation mesh is
used, with fine zoning near the HPI inlet and the junction of the cold leg
and dowrcomer, and relatively coarser zoning elsewhere. Consistent with
the variahle computation mesh, all advection terms in the transport equa-
tions are differenced in nonconservative form to insure the maintenance of
a higher-order accurate numerical algorithm. The aucuracy of this scheme
1s controlled by requiring that the net flow turougn various planes in the
computation region agree within one per cent. Computational accuracy can
he improved by decreasing the pressdre iteration convergence criterion.
[IT. EXPERIMENTAL COMPARISONS

SOLA-PTS calculations have been performed to compare with 1/5th scale

“ Various Creare tests have

experimental data obtained by Creare R&D, Inc.
been carried out to examine thermal-hydraulic mixing in a cold leg and
downcomer for qcometries that approximately model Westinghouse, Babcock and
Wilcox, and Combustion Enuineering designs. We present comparisons of cal-
culated results with Crearc data® for test 50, which used a Combustion
Fngincoring-type design and cxamined the flow of HPI fluid at G4"F into
stagnant ambient fluid at approximately 150°F. The HPI Fluid was injected
at 4.0 gal/min through a 2 inch 1.d. pipe mounted at a 60° angle to a 5.625

inch 1.d. cold leg pipe. Thermocouples were located along the bottom of



the cold leg, on several racks spanning the cold leg, and throughout the
downcomer,

Figure 1 shows a velocity vector plot in a vertical plane through the
centerline of the cold leqg. The large vertical vectors in the cold leg in-
dicate the HPI fluid entering the cold leg. This HPI fiuid, which has been
warmed by mixing at the injection region, flows along the bottom of the
cold leg to the downcomer where it bridges the gap to impact on the core
barrel wall., It then falls under gravity to the bottom of the downcomer,
and flows through the lower plenum to the core. The volume of fluid exit-
ing from the top of the core exactly matches that entering at the HPI in-
let. Return warm water flows from the downcomer along the top of the cold
leg to mix with the HPI fluid at the injection region.

Each velocity vector in Fig. 1 corresponds to a SOLA-PTS computation
cell, Thus, this figure gives an indication of the mesh resolution in the
calculation, which is finest at the cold leg-downcomer Junction and at the
HPI inlet, and coarsest at the end of the cold leg and in the core. Notice
the expansion of the downcomer gap below the cold leg junction,

A velocity vector piot in a horizontal plane through the bottom of the
cold ieg is shown in Fig. 2, Notice the impaction point below the HPI in-
Jection port and the spreading of the flow upstrcam and downstream from
this point. When the fluid reaches the downcomer, it spreads asymmetrical-
ly with the greatest flow away from the hot leq obstruction, which occupies
the region without vectors on the right side of the downcomer. A corre-
spondiny velocity vector plot in a horizontal plane through the top of the
cold leg would show that the warm water return flow into the cold leg en-

ters from the hot leg side. These flow patterns are controlled by the flow



circulations that develop in the downcomer as a consequence of buoyancy and
convective forces.

Figures 3-12 show comparisons of calculated and experimental tempera-
ture measurements during the first 200 sec of the test. The schematic in-
set in each figure shows the location of the thermocouple. Figure 3 shows
the temperature of fluid that has splashed upstream from the HPI inlet
along the bottom of the cold leq. The calculated results are in excellent
agreement with the data throughout the transient. Notice that the fluid
temperature in the calculation is 150°F initially; this value was used
throughout the Fluid. However, the initial temperature in the experiment
varied from 148°F to 152°F, so there will be some discrepancies between
calculation and experiment in the starting values.

The most rapid temperature drop occurs directly below the HPI injec-
tion port as showhi in Fig, 4. The experimental data are highly oscillatory
because of the turbulent nature of the flow irn this region and the unstable
temperature field below the inlet. Of course, the turbulent oscillations
cannot be reproduced in the calculation, which resolves the turbulence only
in an average sense. Again, the calculation and the experimeni are in ex-
cellent agreamant, although the calculation shows a slightly cooler temper-
ature at late times. This good agreement persists in the cold leg, as
showr in Fig. 5 for a point cpproximately midway between the HPI irlet and
the downcomer,

Figures 6-10 show comparisons of the calculated and c¢xperimental re-
sults at uniform intervals across the cold leqg at a point near the down-
comer junction. For thermocouple locations such as the:e that are not lo-

cated on the rold leg wall, an adjustment must be made to account for the



square cross section of the cold leg in the calculation. We do this by in-
terpolating the temperature to a height that is proportional to the center
of area of the measurement in the experiment.

The calculated and experimental plots in Figs. 6-10 show a strong tem-
perature gradient across the cold leg. The results are in good agreement,
except in Fig. 8 where the thermocouple is located in the middle of the
cold leg. The calculated value is in the cold fluid region while the ex-
peri.ental measurement is in the upper hotter fluid, It is clear from the
large oscillations in the experimental data that this thermocouple is lo-
cated very close to the thermal interface. However, it also appears that
the cold fluid layer is thicker in the calculations than in the experi-
ments. This is consistent with the slightly greater travel time of the
cold layer in the calculations as shown by the later arrival time in
Fig. 6.

Figures 11 and 12 show the fluid temperatures in the downcomer just
below the junction with the cold leg on the vessel and core barrel walls,
respectively. 1In both figures, the calculation and experiment are in qood
agreement, although the experime~tal data cxhibit large turbulent fluctua-
tions that ara averaged out by the turbulence model in the calculation. A
comparison of the two figures shows a qualitative difference in the temper-
ature history at the two locations. On the core barrel wall there is a
large initial temperature drop followed by a steady decline, which is in-
terrupted by some short-lived temperature Fluctuations after 140 scc in the
experimental plot. On the vessel side, Fig, 11, there {s an initial tem-
perature drop, but then a temperature recovery before the gradual thermal

decline. This indicates a velatively greater buoyant mixing on the vessel



side due to the smaller inertial forces and lower pressure there. This
asymmetrical cooling gradually decreases with depth in the downcomer. Near
the bottom of the downcomer the temperature transients are similar in ap-
pearance; they both exhibit an initial temperature drop, followed by a re-
covery, and then a gradual thermal decline.

IV. PLANT SPECIFIC APPLICATION

We have applied the SOLA-PTS code to the analysis of fluid-thermal
mixing for the Calvert Cliffs 1 plant, using data obtained in a TRAC calcu-
lationlO for the specification of boundary conditions., Calvert Cliffs 1 is
a Combustion Enginecring plant of a design that is similar to the 1/5th
scale Creare experiment for which comparisons have been presented above.
The TRAC study examined the transient consequences of a postulated main
streamline break from hot zero power. The results of the TRAC calculation
showed that there was no loop flow into the intact cold legs after about
300 sec following the streamline break. Since there is significant HPI and
charging flow into the cold legs during the time period 150-80C sec, the
potential for significant cooling of the vessel wall does exist for this
assumed scenario. However, this cooling tendency may be offset by the fact
that a small, but not insignificant, flow is maintained on the broken loop
side. Indeed, the TRAC calculationl0 shows that. because of this broken
loop flow, *he downcomer teamperature does not drop below 250°F, except for
a wrief oscillation.

As a first step in a detailed analysis of these flow conditions, we
nave used the SOLA-PTS code3 to examine threc-dimensional {nteractions at
385 sec into the transient for a 90° section of the downcomer or the intact
loop side. At this time, the TRAC calculation showed that HPI fluid was

flowina intec the cold leqg at a rate of 13.03 kg/s and at a temperature of



285.9K (55°F), the charging flow was 4.15 kg/s at a temperature of 302.6K
(85°F), and the average temperature in the downcomer and cold leg was ap-
proximately 443,7K (339°F). These conditions were used to set the boundary
conditions for the SOLA-PTS calculation. We plan to perform additional
calculations in which the inlet flow rates and temperatures are varied in
accordance with the TRAC calculations for 90° and 180° segments of the
downcomer to examine transient and azimuthal mixing effects. However, this
first calculation with steady boundary conditions corresponds more directly
with the Creare experimental conditions, so we can examine the consistency
of the calculated results with those obtained for the 1/5th scale compari-
sons.

Figures 13-15 show the temperatures measured at vessel weld locations
below the centerline of the cold leg and at locations displaced 13 cm azi-
muthally on each side of the centerline. These locations correspond ap-
proximately to that of thermocouple 7 of the 1/5th scale study shown in
Fig. 11. As in that figure, the temperatures in Figs. 13-15 show an ini-
tial drop when the cool water from the cold leg reaches that location, then
a temperature recovery followed by a gradual thermal decline. These fig-
ures indicate that the cold water flow is not symmetric about the cold leg
centerline, and this trend is also apparent in the 1/5th scale data and
calculations. Thus, these full scale calculations are consistent with the
small scale results. The thermal decay rate following the temperature re-
covery in Figs. 13-15 is anproximately 0.4°F/sec. However, it must be em-
phasized that these results were obtained in a calculation that neglected
transient and azimuthal mixing effects, and therefore are probably conserv-
ative., In addition, this postulated accidant scenario neglects operator

intervention.



Figure 16 shows a velocity vector plot at an early time in a transient
calculation for a 180° downcomer segment. We will examine the detailed
mixing of HPI and charging flows with the ambient fluid in the intact cold
leg, but will assume thorough mixing in the broken loop cold leg. This as-
sumption is justified by the fact that the broken loop flow rate is approx-
imately an order of magnitude greater than that of the combined HPI and
charging flows. Also, since the fluid temperature in the cold leg on the
broker Toop side is greater than the downcomer temperature, we assume that
there is no countercurrent flow in that cold leqg and inject the thoroughly
mixed cold leg flow directly into the downcomer. This appears as the high
velocity flow at the left of the figure. Calculations for this 180° down-
comer segment are in progress at the precent time.
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Fig. 1. A velocity vector plot in a vertical plane through the centerline
of the cold leq, From left to right the flow regions are the core, the
downcomer and lower plenum, and the cold leq. The large vertical vector:
10 the cold leg show the HPI fluid entering the cold leg. In this zero
loop {low problem the HPl flow separaies when it impacts on the bottom of
the cold leg; part flows upstream in a circulating flow and part flows
downstream toward the downcomer. The flow from the cold leg Jjumps the
downcomer gap to impact on the core barrel wall,
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Fig. 2. A velocity vector plot in a horizontal plane through the bottom of
the cold leg. Note the impact region of the HP! flow. The fluid flows in-
to the downcomer in an asymmetric fashicn with the principal flow in this
plane heing in a direction away from the hot leg obstacle, which occupies
the region without vectors at the r.ght side of the figure.
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Fig. 3. A comparison of calculated (the line with the datum points) and
experimental temperature measurements tor Creare test 50 at thermocouple
33, which 1s located at the bottom of the cold leqg, on the centerline, up-
strecam from the HPI 1. jection pipe.
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Fig. 4. A comparison of calculated (the linc with the datum points) and
experimental temperature measurements for Creare test 50 at thermocouple
34, which {s located at the bottom of the cold leg, on the centerline,
directly under the WPI injection pipe. The experimental data s highly os-
cillatory herause of the turbulent nature of the flow in this *cyion and
the unstadble temperature field below the inlet.
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Fig. 5. A comparison of calculated (the 1inec with the datum points) and
experimental temperature measuremenis for Creare test 50 at thermocouple
36, which 1s located at the hottom of the cnld leq, on the centerline,
downstream from the WPl injection pipe.
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Fig. 6. A comparison of calculated (the 1ine with the datum points) and
cxperimental tempnrature measurcments for Crearc test 50 at thermocouple 1,
which 1s located 1.0 cm above the hottom of the unld leg, on the center-
1ine, and 12,0 cm from the juncture with the downcomer.
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Fig. 7. A cumparison of calculated (tie 1ine with the datum points) and
experimental temperature measurements for Creare test 50 at thermocouple 2,
which is located 4.0 cm above the bottom of the cold 1~g, on the center-
1ine, and 12,0 cn from the juncture with the downcomer.
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Fig. 8. A comparison of calculated (the line with the datum points) and
experimental temperature measurements for Creare test 50 at thermocouple 3,
which is located 4.0 cm above the bottom of the cold leg, on the center-
1ine, and 12.0 cm from the Jjuncture with the downcomer, This thermocouple
is at the middle of the cold leg pipe. The calculated measurement is in
the cold fluid region, while the experim~ntal measurement {s in the upper
hotter fluid.




t.Cf

TEMPERATURE DEC

160.

1950.

I=G.

130.

100

120.

10

CREARE YEST 50 RUN(S)/ DATA COMPARED

o — —~
~
—
&Y \,
— -.
——
|
I A .
d | d l
0. 20. “0. 60, 80. 100. ¥ . 190. 180 180. 200.
TIME (SEC)»

Fig. 9. A comparisen of calculated (the 1ine with the datum points) and
experimental temperature measurements for Creare test 50 at thermocouple 4,
which {s located 10.2 cm above the bottom of the cold leq, on the center-

line, and 12.0 cm from the juncture with the downcomer.
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Fig. 10, A comparison of calculated (the 1ine with the datum points) and
experimental temperature measurements for Creare test 50 at thermocouple 5,
which is located 13.2 cm ahove the bottom of the cold leg, on the center-
1ine, and 12.0 cm from the juncture with the downcomer.
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Fig. 11, A comparison of calculated (the line with the datum points) and
experimental temperature measurrmcnts for Creare test 50 at thermocouple 7,
which is located on the vessel wall, 1N,1 cm below the bottom of the cold
leg, on the cold leg centerline., Note that both the calculation and the
experiment show an initial temperature drop, followed by a temperature in-
crecase, and then a gradual thermal decline.
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Fig. 12. A comparison of calculated (the line with the datum points) and

or Creare test 50 at thermocouple 8,
which 1s located on the core barrel wall 12,7 cm below the bottom of the
Unlike thermocouple 7, there is no

experimental temperature measurements f

cold leg, on the cold leg centerline.
temperature increase following the init

fal temperature drop.
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Fig. 13. The calculated temperature in a fluid cell adjacent to a vossel
weld 98.3 cm below the bottom of an intact cold leg and of fset 13.5 cm from
the cold leg centerline as shown in the inset. This calculation used flow
rates and fluid temperatures p.ovided by a TRAC calculation of a postulated
main steamline break accident in the Calvert Clift: 1 plant.
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Fig. 14. The calculated temperature in a fluid cell adjacent to a vessel
weld 98.3 cm below the bottom of an intact cold leg and on the cold leg
centeriine as shown in the inset. This calculation used flow rates and
fluid temperatures provided by a TRAC calculation of a postulated main
steamli~e break accident in th. Calvert Cl1iffs 1 plant,
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Fig. 15, The calculated temperature in a fluid cell adjacent to a vessel
weld 98.3 cm below the bottom of an intact colu leg and offset 13.5 c¢cm from
the cold leg centerline as shown in the inset. This calculation used flow
rates and fluid temperatures provided by a TRAC calculation of a postulated
main steamline break accident in the Calvert Cliffs 1 plant.
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Fig. 16. A velocity vector plot in a horizontal plane through the top of
the cold leg at an early time in a calculation that included a 180° down-
comer segment of the Calvert Cliffs 1 plant. Only the intact loop cold leq
flow 1s resolved in this calculation. The fluid in the broken loop cald
leg {s assumed to be thoroughly mixed and is injected directly into the

downcomer as shown in the lower left of the figure.



